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We use coherent excitation of 3-16 atom ensembles to demonstrate collective Rabi flopping medi-
ated by Rydberg blockade. Using calibrated atom number measurements, we quantitatively confirm
the expected
√
N Rabi frequency enhancement to within 4%. The resulting atom number distri-
butions are consistent with essentially perfect blockade. We then use collective Rabi pi pulses to
produce N = 1, 2 atom number Fock states with fidelities of 62% and 48% respectively. The N = 2
Fock state shows the collective Rabi frequency enhancement without corruption from atom number
fluctuations.
Ensembles of cold neutral atoms localized in micron-
sized clouds interact collectively with laser light tuned
to excite n ∼ 100 Rydberg states. Within such clouds
the interactions between two or more Rydberg atoms
are many orders of magnitude greater than the inter-
actions between ground-state atoms. Thus while a sin-
gle photonic absorption is resonant, subsequent photonic
absorptions are made off-resonant by Rydberg-Rydberg
interactions. For sufficiently cold atoms, this ”blockade”
energetically constrains the N atom ensemble to an effec-
tive 2-level Hilbert space consisting of either N ground-
state atoms or N − 1 ground state atoms and 1 Rydberg
excitation. The sharing of the excitation between the
N atoms causes atom-light couplings to be collectively
enhanced by
√
N [1, 2].
For N = 2, Rydberg blockade [3, 4] has been exploited
to produce entanglement [5–7] and to observe
√
2 Rabi
enhancement [4]. Collective Rabi oscillations at large
N were also recently observed [8]. When the cloud size
allows multiple Rydberg excitations, blockade results in
excitation suppression and dramatically increased opti-
cal non-linearities. This works even at the single photon
level, [9–12] and allows entanglement of light and atomic
excitations[13].
The classic signature of coherent collective behavior is
collective Rabi flopping, as emphasized in the original
Lukin et al. proposal [1]. Fluctuations in atom loading
statistics produce, through the
√
N dependence, inho-
mogeneous broadening that dephases the collective Rabi
manipulations. This is important, for example, for po-
tential use in collective quantum gates [14], protocols for
deterministic single photon sources [15], or entanglement
of single-atom and collective qubits [16]. To minimize
this effect, one would like to be able to reduce the atom
number fluctuations below the classical Poissonian limit,
also proportional to
√
N .
In this Letter we experimentally realize a collective
protocol [15] for deterministic production of single and
two-atom Fock states. We load an ensemble of 3 <
N¯ < 16 atoms into a single dipole trap and extract single
atoms via collective Rabi π-pulses between one ground-
state hyperfine level and a Rydberg state, followed by
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FIG. 1. (Color online) (a) Experimental geometry. Counter-
propagating 780 and 480 nm Rydberg excitation lasers, paral-
lel to an applied magnetic field, couple |a〉 or |b〉 to |r〉. Optical
pumping and state selective blow away beams are incident on
the ensemble in the perpendicular plane. (b) Two-photon ex-
citation diagram. (c) Fock state generation pulse sequences.
Sequential pairs of A and B excitation pulses perform pop-
ulation transfer from |a〉 → |r〉 → |b〉. Ideally, the Rydberg
blockade mechanism moves a single atom to |b〉 per A − B
pulse pair. After two A−B pulse pairs, the B3 pulse option-
ally probes 2-atom Fock state dynamics.
stimulated emission into a second ground hyperfine level,
Fig. 1(c). We quantitatively verify the
√
N enhancement
factor with a precision of 4%. Subsequent sequences of
such pulse pairs allows production of multi-atom Fock
states. We demonstrate sub-Poissonian production of
single and two-atom Fock states using this method.
Our basic apparatus is quite similar to our previous
2work [6, 7]. Indeed, the collective Rabi flopping protocols
are similar to protocols for single-atom qubit control, and
hence are convenient for loading arrays for neutral atom
quantum computing. We transfer a small number of Rb
atoms (up to 30) from a magneto-optical trap into a 1.5
mK deep 1.06 µm far-off resonance trap (FORT) focussed
to a waist of 3.0 µm. The atoms are then laser-cooled to
100-150 µK, during which time light-assisted collisions
induced by the cooling light cause atoms to be ejected
from the FORT. Varying the cooling time allows us to
realize a mean atom number, N¯ , from 0.5 to 16 atoms.
Measurement of N¯ will be discussed later. The spatial
distribution of the trapped atoms is a 7 µm long and
< 0.5µm wide Gaussian distribution oriented along the
FORT propagation direction. Calculations indicate that
the Rydberg-Rydberg interaction [17] is 11 MHz at a
typical 12 µm atom-atom distance, sufficient for the 1
MHz scale Rabi flopping studied here. Once trapped, the
atoms are optically pumped into the |5S1/2, F = 2,mF =
0〉 clock state, and the FORT is turned off for 3-6 µs while
the Fock state pulse sequence is applied.
The Fock-state pulse geometry is shown in Fig. 1(a).
We perform independent coherent two-photon excita-
tions between either of the two ground states (|a〉, |b〉) =
|5S1/2, F = (2, 1),mF = 0〉 and the |r〉=|97D5/2,mJ =
5/2〉 Rydberg state. Two independently switchable 780
nm lasers, with waists of ω(x,y) = (9, 7) µm, energet-
ically select the hyperfine level coupled to |r〉. Both
of these lasers co-propagate with the FORT laser. A
counter-propagating 480 nm beam with waists of ω(x,y) =
(5.6, 4.7) µm, which is left on continuously, provides the
second step to the Rydberg state. Each excitation laser
is locked to a different mode of a high finesse cavity. The
single-photon Rabi frequencies for the 2-photon transi-
tion are typically (Ω480,Ω780) = 2π×(17, 160) MHz, with
a -2.1 GHz detuning from the 5P3/2 level, giving a single-
atom two-photon Rabi frequency of Ω1 = 2π × 750 kHz.
The timing of each pulse is controlled by the duration of
the respective 780 nm beams. In the following, we re-
fer to a Rabi oscillation between (|a〉,|b〉) and |r〉 as an
(Ap, Bp) pulse, where p refers to the pulse sequence num-
ber in Figure 1(c). All pulse times t are chosen to have
pulse area θ = π =
√
N¯Ωt, unless explicitly noted.
Following the Fock state pulses, the number (Nb = 0, 1,
or 2) of atoms in state |b〉 is determined by first ejecting
atoms from |a〉 using resonant light [6], then collecting
light from the remaining atoms while laser cooling for
20 ms. Measurements show that atoms in |a〉 can be
ejected with a fidelity of 97%. Atoms remaining in Ryd-
berg states at the end of a pulse sequence leave the trap
after the FORT is turned back on [3], so population in
Rydberg states is not directly detected in this experi-
ment.
Beginning with an N¯ atom ensemble initialized in |a〉,
the A1(θ) pulse produces a collective Rabi oscillation
between the state |g〉 = |a1a2...aN 〉 and the symmetric
singly-excited W state |r〉 = N−1/2∑Ni=1 |a1a2...ri...aN 〉.
The B1 pulse, calibrated using single-atom Rabi oscilla-
tions out of state |b〉, then drives a single-atom π pulse
between the single Rydberg atom and the unpopulated
|b〉 state. Ideally, this sequence should produce a single-
atom Fock state in |b〉.
Figure 2 shows the results of measurements of Nb after
A1(θ)B1 sequences. As the number of atoms is succes-
sively increased from 1 (top) to 15.5 (bottom), the Rabi
frequency increases as expected from collective enhance-
ment. We fit each data set to the following model for the
probability p1(t) for one atom to be in |b〉 as a function
of A1(θ) pulse time:
p1(t) =
ǫ
2
Nmax∑
N=0
PN¯ (N)
[
1− cos
(√
NΩ1t
)
e−t/τ
]
, (1)
where PN¯ (N) is the Poisson distribution of initial atom
0.0
0.5
1.0
HaL
N= 1.0
0.
0.5
HbL
N= 3.0
0.
0.5
N
b=
1
Fo
ck
St
a
te
Fi
de
lit
y
HcL
N= 6.5
0.
0.5
HdL
N= 9.1
0 Π2 Π 3Π2 2 Π
Rydberg A1 Pulse Area HΘL
0.
0.5
HeL
N= 15.5
FIG. 2. (Color online) Rabi oscillations between |a〉 and |r〉 for
various atom number distributions. The single atom detection
probability is shown as a function of the pulse area θ = Ω1t of
the Rydberg A excitation. (a) The first 2pi rotation for exactly
one atom. (b-e) The |b〉 populations show an atom number
dependent frequency for ensemble means of, respectively, n¯ =
3.0, 6.5, 9.1, 15.5. The solid black lines are the fits to Eq. (1).
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FIG. 3. (Color online) Mean number of atoms in the ensem-
ble, as deduced from collective Rabi oscillations (ordinate),
and by fluorescence (abscissa). The red circles are data from
Poisson-distributed atom ensembles, the green triangles have
exactly 1 or 2 atoms. The solid black line, of slope 1, shows
that the collective oscillation frequency closely follows the pre-
dicted
√
N dependence.
numbers, and τ is the decay time of the Rabi oscillations.
Both Ω1 and τ (typically 2π×750 kHz and 5 µs) are mea-
sured from single-atom Rabi flopping. A two parameter
fit for each data set returns the mean atom number N¯
and an overall scaling factor ǫ, to be discussed with Fig 5.
We separately measure N¯ by collecting fluorescence
scattered by the atoms from short (3 ms) pulses of cool-
ing light. In the > 1011 cm−3 density cloud, the calibra-
tion of number of scattered photons per atom is affected
by significant light-assisted collision loss. In separate ex-
periments we measure the relevant two-body loss rates
and implement the relevant calibrations [18].
A comparison between N¯ as deduced from the collec-
tive Rabi oscillations, and from the direct atom number
measurements, is shown in Fig. 3, along with a line of
slope 1. The close agreement quantitatively confirms the
phenomenon of collective Rabi frequency enhancement
in the strong blockade limit. Allowing the slope to vary
gives a best fit of 0.96.
Fig. 2 demonstrates that when the Rydberg A1 pulse
area is chosen to be a collective π-pulse, i.e. ΩN¯ t =
π, and the Rydberg B1 pulse is set to a single atom π-
pulse, our procedure is capable of creating an N = 1
Fock state in which a single atom of the ensemble has
been transferred to the state |b〉 with an efficiency as
high as 63.3%. The observed distribution of Nb is 35%
Nb = 0, 63.3% Nb = 1, and 1.3% Nb = 2. The number
of Nb = 2 cases observed is consistent with our known
efficiency for ejecting the atoms in |a〉, implying that any
double Rydberg excitations due to imperfect blockade do
not transfer to |b〉. The resulting Fock state distribution
is very sub-Poissonian with a Mandel parameter Q =
σ2Nb/N¯b − 1 = −0.62± 0.03.
The N = 1 Fock state preparation procedure can be
generalized to N > 1 by simply repeating the Rydberg
A and B pulse sequence N times, with each pulse area
set to be a collective π-pulse for the number of coupled
atoms. Thus the ideal collective Rabi frequencies for
pulses A2 and B2 are
√
N¯ − 1Ω1 and
√
2Ω1. To study
N = 2 Fock state preparation, we first consider the pos-
sible outcomes of an A1B1 pulse sequence followed by an
A2 pulse. There are four cases |Nr, Nb〉:
1. neither pulse sequence succeeds: |0, 0〉
2. A1B1 succeeds, but A2 fails, resulting in one
atom in |b〉: |0, 1〉
3. A1 fails, and A2 succeeds, resulting in one Ry-
dberg atom: |1, 0〉
4. All pulses succeed, resulting in one atom in
both |b〉 and |r〉: |1, 1〉
Finally, a fourth pulse, B2(θ), couples |b〉 ↔ |r〉 and
evokes different behavior for each possible state men-
tioned. For |0, 0〉, B2 has no effect. Both single-atom
outcomes oscillate between |0, 1〉 ↔ |1, 0〉 at the single
atom Rabi frequency but are out of phase with each
other. The |1, 1〉 state, however, uniquely oscillates be-
tween |1, 1〉 ↔ |0, 2〉 at a √2Ω1 enhanced Rabi frequency.
Blockade forbids population of |2, 0〉. The population of
the |b〉 state will then be either 0, 1, or 2 atoms.
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FIG. 4. (Color online) (α) Evolution of Nb=0, 1 and 2 atom
populations using the A1B1A2B2(θ) protocol. (β) Output of
the N = 2 Fock state production as a function of B3 area.
Figure 4(α) shows the probabilities for observing 0,
1, or 2 atoms in state |b〉 after the A1B1A2B2(θ) se-
quence. As expected, the probability of observing two
atoms, Fig. 4(α2), begins at 0 and oscillates at
√
2Ω1.
Note that the decay time of the two atom collective oscil-
lation is set by the same decoherence processes as would
be observed in single atom-atom Rabi oscillations, and
there is no additional dephasing from atom number fluc-
tuations because exactly two atoms participate in the
oscillation. The Nb = 0 signal, Fig. 4(α0), potentially
has contributions from the single atoms states |0, 1〉 and
|1, 0〉, but these oscillations are out of phase and cancel
4if the populations of those states are equal, as is nearly
the case for this data.
The Nb = 1 signal, Fig. 4(α1), potentially has
contributions from Rabi oscillations of the states
(|1, 0〉, |0, 1〉, |1, 1〉) at frequencies (1, 1,√2)Ω1. Again,
the first two are cancelled if their populations are equal,
leaving only the collective 2-atom signal.
The probability of producing the Fock state |0, 2〉 is
32% for this data, for which the FORT drop time was
extended to 6.34 µs to see 3 full collective Rabi oscilla-
tions. As a result, additional high velocity atoms are not
recaptured when the FORT is restored, reducing the sig-
nal size. For 2 µs FORT drops, we have observed up to
48± 2% Nb = 2. For example, the state produced at the
beginning of Fig. 4(β) has Q = −0.50± 0.05.
The full F = 2 Fock sequence can be further probed by
restoring the FORT for 0.5 ms, enough to eject any Ryd-
berg population from |1, 0〉 and |1, 1〉, effectively leaving
only ground-state populations in the states |0, 0〉, |0, 1〉,
and |0, 2〉. This removes the cancellation between the
|0, 1〉 and |1, 0〉 signals observed in Fig. 4(α). Now, as
shown in Fig. 4(β), oscillations at Ω1 are observed in the
Nb = 0 data, and the Nb = 1 data have both Ω1 and√
2Ω1 signals superposed. The fits to the oscillations
have only the 3 initial state populations as adjustable
parameters, and assume no atom number fluctuations.
Both the Nb = 1 and Nb = 2 Fock state populations
are consistent with a single collective AB sequence suc-
cess probability of 0.65 − 0.70. In Fig. 5 we show the
N = 1 Fock state population as a function of N¯ . We
also show the results of a quantum Monte Carlo model
of a collective A1B1 pulse sequence. The model considers
the known significant sources of experimental imperfec-
tions, which include Doppler shifts, the distribution of
AC-Stark shifts and Rabi frequencies from the Gaussian
intensity distributions, spontaneous emission from the in-
termediate 5p state (spontaneous emission from the Ry-
dberg states is negligible on 5 µs timescales), and 1 µm
misalignments of the excitation lasers. For a single atom,
the model reproduces our observed AB success probabil-
ity of 85%. For multiple atoms, the model allows both
single and double Rydberg excitations. The double ex-
citations during the A portion of the sequence primar-
ily consist of atom pairs at extreme ends of the cloud.
Those double excitations still experience some Rydberg-
Rydberg interactions, and therefore are off-resonant for
the B deexcitation portion of the sequence, thereby sup-
pressing the number of occurrences of Nb = 2. The
lines in Fig. 5 show, from highest to lowest, the pre-
dicted fidelity assuming perfect Rabi flopping and infi-
nite blockade; experimental imperfections with infinite
blockade; and finally including both experimental imper-
fections and finite blockade. The black dashed curve cor-
responds to the fit parameter ǫ = 1 in Eq. 1.
Using this information, the predicted Fock state se-
quence fidelity should reach 80% by N¯ = 7. This is
15% higher than we observe in the experiment, and gets
slightly worse with increasing N¯ . The source of the addi-
tional inefficiency is unknown to us, but we note that our
densities, 5N×1010 cm−3, approach peak densities where
laser cooling limits are observed due to multiple scatter-
ing. We note that recent results on using Rydberg block-
ade for single-photon sources [8] found a 67±10% prepa-
ration efficiency of the singly-excited many-body state at
similar atom densities.
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FIG. 5. (Color online) N = 1 Fock state production fidelity
as a function of mean ensemble number, and quantum Monte
Carlo simulations. The black dashed line assumes ideal block-
ade and perfect excitation conditions. The red dot-dashed line
adds in realistic experimental imperfections, and the green
solid line includes finite blockade strength. The solid green
line at the bottom shows the predicted 2-atom production.
The Q-parameter for deterministic N = 1 schemes
studied to date give: collisional blockade using light as-
sisted collisions, Q = −0.5 [19, 20]; this work, Q = −0.65,
repulsive light-assisted collisions, Q = −0.91 [21]; and
Mott-insulator samples, Q = −0.95 [22]. For N = 2
with Q = −0.5, other methods to date require cooling to
quantum degeneracy: the N = 2 shell of a Mott insu-
lator [22], or controlled spilling from a degenerate Fermi
gas [23]. Both achieve Q < −0.9.
Our studies of Rydberg-blockade-mediated collective
Rabi flopping show that the collective Rabi frequencies
very closely follow the predicted ΩN =
√
NΩ1 depen-
dence. This, plus our observation of the lack of two atom
production in an A1B1 sequence, strongly imply that the
blockade phenomenon is highly effective at rejecting dou-
ble Rydberg excitations. We used the collective flopping
to produce a strongly sub-Poissonian atom distribution
with Q = −0.65 in a single trap site. Extending the
protocol to a 2 atom Fock state, we get Q = −0.5 and
observe 3 cycles of N = 2 collective Rabi flopping with
no additional dephasing. Future plans include producing
blockaded samples with higher numbers of atoms at lower
densities, where possible density dependent mechanisms
should be lessened.
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